Abstract-An electrical variable transmission (EVT) can be used as a power splitting device in hybrid electrical vehicles. The EVT analyzed in this paper is a rotating field electrical machine having two concentric rotors. On the outer rotor, permanent magnets (PMs) are combined with a dcfield winding, being the first implementation of its kind. The magnetic field in the machine as well as the electromagnetic torque on both rotors are a function of the q-and d-axis currents of the stator and inner rotor, as well as the dc-field current. To describe and fully understand this multiple-input multiple-output machine, this paper gives an overview of the influence of the different current inputs on the flux linkage and torque on both rotors. Focus is given to the hybrid excitation in the d-axis by combining the dc-field current and the alternating currents. This has the advantage compared to other EVT topologies that unwanted stator torque can be avoided without stator d-axis current flux weakening. Results of the analysis are presented by means of the torque to current characteristics of a double rotor PM-assisted EVT, as well as the torque to current ratios. The machine characteristics are finally experimentally verified on a prototype machine.
I. INTRODUCTION
A N ELECTRICAL variable transmission (EVT) can be used in hybrid electrical vehicles (HEVs) to replace the planetary gear set and two electrical machines [1] . Topologically an EVT can be seen as a rotating field electrical machine with two concentric rotors. This is schematically shown in Fig. 1 for a vehicle with a longitudinal drive train. The two rotors are the two mechanical ports of the transmission. The machine is able to transmit power from the input to the output shaft in an electromagnetic way only, so without meshing gears or wetplate clutches as is the case in conventional transmissions [2] . Moreover, the gear ratio between the input shaft and the output shaft can be varied continuously. Hereby, most of the power is transmitted by the electromagnetic torque interaction between the inner and the outer rotor. Depending on the speed difference, the remaining part of the power is transmitted in an electrical way and by the electromagnetic torque between the stator and the outer rotor. To this end, the transmission possesses two electrical ports, being the stator phase windings on the one hand, and the inner rotor phase windings and slip rings on the other hand. Two back to back inverters are used to control the inner and outer rotor currents, and thus, create a desired electromagnetic torque on both rotors. Optionally electrical storage can be added to the dc-bus in between the inverters, giving the EVT hybrid functionality. Different EVT topologies have been proposed and analyzed in the literature. The authors of [3] - [5] describe the fundamental working principle of the induction-machine-based EVT. Here, the outer rotor consists of a squirrel cage, thus avoiding the need for permanent magnets (PMs). Also, the magnetic field is changed for field weakening and optimal torque control [6] , [7] . Most publications, however, show EVT topologies with PM rotors tending to have higher power density. Within the PM versions, basically two types can be considered. In [8] - [11] , a magnetic gear is used to provide the speed difference between input and output shaft. The advantages are high power density and the absence of slip rings. However, an additional electrical machine has to be added to the system to have the same functionality as an EVT [12] - [14] . Another type of EVT often described in the literature consists of a wound rotor with slip rings, a PM outer rotor and a stator [15] - [20] . The inner rotor and PM outer rotor basically account for the speed difference between input and output shaft, while the stator and outer rotor account for the difference in torque.
In all versions, the PM flux is fully coupled with stator and inner rotor. However, when analyzing the EVT for different driving cycles, the EVT stator torque is low most of the time [21] , [22] , being high only during acceleration and driving uphill. It is, thus, useful to be able to change the flux linkage with the stator. Moreover, a low flux linkage is required during longer time periods, while only at peak torque high flux levels are required. The machine described in this patent [23] is able to change the stator flux linkage, while maintaining the inner rotor flux linkage, being the first implementation of its kind. To this end, the machine possesses a dc-field winding, to be combined with stator windings. In order to describe and fully understand the PM-assisted EVT, an overview is given on the influence of the different current inputs upon the flux linkage and torque on both rotors. Focus is given to the hybrid excitation within the d-axis by combining the dc-field current and the alternating currents. Results of the analysis are presented by means of the torque to current characteristics of a double rotor PM-assisted EVT, as well as the optimal torque to current ratios. The machine characteristics are finally experimentally verified on a prototype machine.
II. INFLUENCE OF FIELD EXCITATION ON THE STATOR
A cross-sectional view of the EVT topology considered in this paper is given in Fig. 2 . Both the stator and the inner rotor consist of a distributed three-phase winding. The outer rotor is equipped with a single layer of PMs and a dc-field winding with flux bridge in between. The dc-field winding as well as d-axis stator and inner rotor currents can be used to create a desired flux linkage and torque on both rotors. This section gives a detailed overview of the stator flux linkage and the no-load characteristic of the machine. As will be shown, the no-load characteristic consists of three regions, each of those resulting in a specific torque to current behavior when a current torque component is supplied. Some machine parameters are given in Table I for clarity.
A. PM Field
The stator flux linkage determines the torque interaction between stator and outer rotor, which is called stator torque (T s ) in Fig. 2 , along with the direct-and quadrature-axis. The PM flux shows a maximum in the air gap at the negative d-axis. Thus, any current flowing through a winding with axis along the positive d-axis causes weakening of the PM flux.
As mentioned before, most of the time the required stator torque is low. To this end, a flux bridge is present underneath the dc-field winding in Fig. 2 . Due to the flux bridge, only part of the PM flux is linked with the stator, and hence, as the stator flux linkage is low, the corresponding torque is low as well. Note that by such a construction also the losses induced in the stator by the PM field are low. When a high stator torque is required during short times of acceleration or when driving up hill for longer time periods, either the dc-field current or the daxis stator current can be used to increase the stator flux linkage as will be described in the next paragraphs.
B. Influence of the DC-field current
A negative dc-field current I r 2d < 0 changes the PM flux path, and increases the magnetic flux linkage with the stator as visualized in Fig. 3 . When increasing the dc-field current in absolute value, the flux bridge underneath the dc-field winding becomes magnetically linear, and more and more flux is linked with the stator. This is shown in Fig. 3(a) where the flux through the flux bridge is zero. If the dc-field current is increased even more, the stator yoke will saturate at high flux levels as in Fig. 3(b) . Moreover, the flux bridge saturates again, having a flux density vector with opposite sense compared to the one in Fig. 2 . The inner rotor field is almost not affected by the magnetic state of the bridge between the PMs and dc-field winding since magnets have a low recoil permeability of about 1.05. However, there is some influence to be noted, as will be shown in Section III. linkages in this figure are referred to the stator by taking into account the number of windings.
As can be seen in the figure, three regions can be distinguished depending on the magnetic state of the flux bridge and the stator yoke. At zero dc-field current, the derivative of the stator flux linkage Ψ sd with respect to the dc-field current I r 2d (tangential inductance) is low since the outer rotor flux bridge is heavily saturated as can also be seen in Fig. 2 . This is called the low flux region of the no-load characteristic in this paper. As the dc-field current is lowered (increased in absolute value), the corresponding MMF in the bridge counteracts the MMF produced by the PMs and the bridge desaturates. This is the linear part of the iron BH curve, where an increase in dc-field current (in absolute value) has a big effect on the d-axis stator flux linkage. Finally, the stator yoke saturates, and the flux-current characteristic flattens out again forming the high flux region of the no-load curve. Using the dc-field current, it is thus possible to change the stator flux linkage, while maintaining the rotor flux linkage. Note that if the bridge flux Ψ fb is zero, that the stator and inner rotor flux linkages are almost equal. This point has been marked on the figure. Finally, it can be seen that the inner rotor flux Ψ r 1d is almost not influenced by the dc-field current as mentioned before. Since the torque between inner and outer rotor is equal to the internal combustion engine (ICE) torque in an HEV, a high flux level is indeed advised. Only at demagnetizing (positive) field currents, there is a small influence to be noticed.
C. Influence of the Direct-Axis Stator Current
The flux linkage with the stator can also be altered by a d-axis stator current I sd . This is shown in Fig. 5 for different dc-field currents I r 2d .
The shape of the stator d-axis flux Ψ sd as function of the d-axis stator current resembles the one of Fig. 4 . Again three regions can be distinguished. However, there are some differences to be mentioned. The stator windings are distributed in slots. Consequently, the spacial distribution of MMF produced by the stator current over the air gap will be more or less sinusoidal. The MMF over the air gap produced by the concentrated dc-field winding on the outer rotor is constant in between two slots, resulting in a square wave spacial MMF wave form, which is zero during π 3 electrical radians due to the dc-field winding itself. In order to compare both sources of stator d-axis flux, the linear part as described in the previous section is considered. In this part, both the stator and the outer rotor iron have a very high permeability so that the magnetic field strength H is almost zero. Considering a field line linked with both the stator and the dc-field winding, Ampere's law can be used to give an idea of the magnetic field distribution in the air gap. In (1) and (2), the fundamental harmonics of the air gap magnetic field strength are given, produced by the stator and dc-field current, respectively,
The winding distribution factor for the fundamental harmonic component is represented by ξ 1 , whereas δ is the air gap width, and a = 4 the number of parallel branches. The number of windings w are given in Table I ; see Section VI. The equations show that in order to produce the same fundamental harmonic air gap MMF, the ratio r between the stator and dc-field current is given by
Indeed, if Figs. 4 and 5 are compared, the corresponding stator d-axis flux Ψ sd can be referred to the outer rotor by using the ratio r. Also in Fig. 5 , since I r 2d is augmented with 2 A for every curve, the curves are horizontally shifted by 2r = 24.8 A. The finite-element method (FEM) results thus show that this simple analysis can explain the equivalence of both current components. The comparison is accurate for the linear part, but still gives a good comparison if the flux bridge or the stator is saturated. It is thus the sum of I sd and rI r 2d that determines the flux linkage in Fig. 5 . In this paper, I sd,equiv = I sd + rI r 2d is called the equivalent d-axis current. If the copper losses are compared by using the resistances of Table I , it can be seen that the outer rotor resistor, referred to the stator, R 2 is
For this specific case, this is 12.73Ω r 2 = 0.083 Ω, or 4.28 times higher than the stator resistance. To conclude, in order to reach a specific flux level at zero q-axis current, the optimal MMF distribution of the three-phase stator d-axis winding to dc-field winding is 4.28 3 2 = 2.85 to 1 for this specific machine, since this ratio minimizes the copper losses in the d-axis winding
with the constraint that I 1d + rI r 2d is a given set value. However, the stator d-axis current and dc-field current have a different influence on the stator torque, as will be shown in Section IV.
D. Influence of the Quadrature Axis Stator Current
As seen in the previous sections, the d-axis stator flux Ψ sd is a function of stator d-axis current I sd and the dc-field current I r 2d . The cross effect of the q-axis stator current I sq on the daxis stator flux is a second-order effect, as is also shown in Fig. 5 in dashed lines. High (absolute value) q-axis currents saturate the stator yoke, resulting in the modified curves.
E. Influence of Rotor Current Along the d-Axis
The inner and outer rotor are separated by PMs, having a relative permeability of 1.05. If the flux bridge is heavily saturated, some interference between stator flux and rotor current can be noticed, although very small. The FEM shows that the stator flux amplitude decreases about 2% with an increase in the d-axis rotor current I r 1d of 10 A. If the flux bridge is desaturated (in the linear region), the influence is negligible as can be expected. Therefore, the influence of the d-axis inner rotor current on the stator field will not be discussed further.
III. INNER ROTOR MAGNETIC FIELD
The inner rotor field determines the torque on the input shaft (inner rotor). The field is mainly decoupled from the stator field due to the PMs and air gap in between inner and outer rotor. Furthermore, as was shown in the no-load curve of Fig. 4 , the influence of the negative dc-field current on the flux linkage with the rotor is very small. The same is true for a negative (flux enhancing) stator d-axis current. If on the other hand, a positive (flux weakening) stator d-axis current is applied, an effect on the rotor flux linkage can be seen since this current desaturates the rotor yoke. However, due to the decoupling effect of the PMs, the effect is of less importance to the operation of the machine. The FEM shows that the variation in rotor flux amplitude is negligible for a negative equivalent d-axis stator current I sd,equiv , and decreases by about 1.7% for an increase of 10 A in an equivalent positive stator d-axis current.
IV. ELECTROMAGNETIC TORQUE
The flux analysis allows to predict the behavior of the stator and inner rotor torque T s and T r 1 for different currents. The inner rotor torque loads the ICE, while the sum of stator and inner rotor torque is equal to the outer rotor torque T r 2 driving the wheels. From the classic machine theory, the electromagnetic torque on stator, outer and inner rotor can be written as
T r 1 = 3 2 N p (Ψ r 1q I r 1d − Ψ r 1d I r 1q ) .
The equations show that there are two torque interactions resulting in the net stator torque. The q-axis current interacts with the d-axis flux and vice versa. It can thus be seen that although the stator d-axis current I sd and the dc-field current I r 2d have a similar effect on the stator d-axis flux linkage Ψ sd , the effect on the torque is different. In (5), the first term only considers the stator d-axis current I sd , not the dc-field winding daxis current I r 2d . The second term considers the total d-axis flux Ψ sd , produced by both the PMs, I sd and I r 2d . In the following, the influence of each of the currents on the torque generation will be discussed. 
A. Influence of the DC-Field Current
If no d-axis stator current is present, the machine behaves as a conventional synchronous machine as function of the stator q-axis I sq and the dc-field current I r 2d . The torque as function of the q-axis stator current is shown in Fig. 6 for different field currents I r 2d . Note that there is substantial cross linkage between d-and q-axis at high stator and dc-field currents. Fig. 7 shows the evolution of the torque for a fixed stator q-axis current I sq . In case of the zero dc-field current, the stator torque is low, as was explained previously. If a higher torque is needed, a negative dc-field current can be injected as can be seen. Also note that the three regions of the no-load curve of Fig. 4 are clearly visible. A negative dc-field current increases the d-axis stator flux amplitude, and thus, the stator torque. In agreement with Fig. 4 , the variation with the dc-field current is highest for currents between −4 and −8 A, corresponding with the magnetic linear part of the no-load curve.
B. Influence of the Direct-Axis Stator Current
The stator d-axis current influences both terms in the stator torque equation Both torque components of (9) as well as the resulting stator torque are represented in Fig. 8 as function of the d-axis current.
In the case of a salient pole synchronous machine, the torque would increase toward negative (flux enhancing) d-axis currents. The last term of (6) is hereby increased, while the first term remains approximately zero since there is no q-axis flux. The resulting curve Fig. 8 . At I sd < −50 A, the torque increases more than linearly in agreement with Fig. 5 . Moreover, this latter torque characteristic has the same evolution as in Fig. 7 if an equivalent dc-field current I sd,equiv is considered (r = 12.4). However, in contrast to the dcfield current I r 2d , the stator d-axis current I sd also interacts with the stator q-axis flux Ψ sq . Due to the specific geometry, the qaxis flux is not zero. This torque interaction is the second torque component T qd = 3 2 N p (Ψ sq I sd ) in Fig. 8 . By comparing the slope (derivative) of both torque components, the evolution of the total stator torque T s as function of the stator d-axis current I sd can be explained
Considering (10), the influence of the d-axis stator current I sd on the q-axis stator flux Ψ sq is only of importance at strongly negative equivalent d-axis currents I sd,equiv . By neglecting this term, the derivative of the total stator torque T s = T qd + T dq can thus be written as
with 
V. TORQUE-TO-CURRENT RATIO
The aforementioned analysis shows that both the stator d-axis current and the dc-field current can be used to modulate the stator flux linkage. However, the stator d-axis current also interacts with the stator q-axis flux linkage, and thus, has another effect on the torque. In the machine theory, it is more convenient to show the torque as function of the current magnitude and phase. This is another way of representing the torque-to-current relationship described thus far. The EVT considered has two shafts, and five current components making it difficult to present these results in a 2-D graph. However, since both rotors are mainly decoupled, it is possible to show the stator torque as function of the stator and dc-field current. This is shown for different field currents in Figs. 10-12 . The extra degree of freedom of the dc-field current can be used to minimize the losses for a given torque and speed of both rotors.
VI. EXPERIMENTAL VERIFICATION
In order to experimentally verify the statements made previously, a test setup has been constructed. The setup is shown in Fig. 13 . Two induction motors have been coupled to both shafts of the EVT. In between, torque transducers have been placed. Some parameters of the EVT in the setup were given in Table I . Also note that the stator possesses a water jacket for cooling and that forced air cooling of the air gaps is provided. The rated currents can be seen in the table. A detailed thermal analysis is, however, out of the scope of this paper, which is about the electromagnetic analysis. by one of the induction motors, while the inner rotor was held stationary. This way both the stator and rotor are subjected to a magnetic field with the same frequency. By measuring the voltage at the machine terminals at no-load, the flux linkage could be calculated. The figure shows good agreement between FEM calculations and experimental results. It also confirms that the electromagnetic coupling between stator and inner rotor is low. Except for demagnetizing (>0) d-axis currents, the influence of the dc-field current I r 2d on the inner rotor flux Ψ r 1d is small as shown before.
A. No-Load Characteristic

B. Stator Torque
The stator torque has been verified using a torque sensor placed between the outer rotor and an induction machine. Set values for the q-and d-axis stator currents can be sent to the 150-kW inverter feeding the stator. A separate current regulated dc power supply (not shown in Fig. 13 ) has been used to feed the outer rotor dc-field winding. A power analyzer is used to compare the actual applied currents with the set values given to the inverters and power supply. The torque sensors have a given accuracy of 0.1% and are limited to 100 N·m, so only this torque range has been measured. For every point, the torque has been measured over a 10-s time range, and averaged to account for measurement noise. Also a torque offset in the order of 1-3 N·m is expected due to the drag force of the slip rings and the bearings. Fig. 15 shows the stator torque as function of the q-axis stator current I sq for different field currents I r 2d to be compared with Fig. 6 . Despite the aforementioned difficulties, FEM and experimental data show a very good agreement. The stator torque T s as function of the dc-field current I r 2d is shown in Fig. 16 . The measurements confirm that the stator torque can be modulated accurately using the dc-field current. It also confirms the position of the three magnetic regions as function of the dccurrent, in accordance with Fig. 14 where the measured no-load curve is plotted. Fig. 17 finally confirms the torque analysis of Section IV-B in which the stator torque was considered for different d-axis currents. In the latter figure, the deviation from the theoretical expected values is a little higher, showing that the d-axis saturates more than expected under d-axis stator current. However, the maximum and minimum in stator torque as func- 
C. Rotor Torque
Finally, the torque on the inner rotor has been experimentally verified. Set values for the rotor current where given to the 100-kW inverter, and where verified by an external current measurement. As can be seen from Fig. 18 , the FEM again accurately describes the machine. The rotor torque was measured for different d-axis stator currents, confirming the weak coupling between both rotors as analyzed in Section III. 
D. Efficiency
To give an idea about the efficiency of this machine, two experiments have been conducted as can be seen in Fig. 19 . During the first set of measurements, the inner rotor was at stand-still and no current was applied, whereas the stator speed and current were varied. A combination of stator q-and daxis currents and dc-field current was used. During the second experiment, the stator currents and outer rotor speed were zero. The inner rotor speed and q-axis current were varied.
VII. CONCLUSION
A detailed analysis of the magnetic field distribution in a double rotor PM machine with hybrid excitation has been performed. This paper showed the influence of the five independent current components on the flux linkage with stator and inner rotor. The effects were clearly subdivided according to their effect on the magnetic field and the torque. The d-axis stator field was weakened by the presence of the flux bridge, short circuiting part of the PM rotor flux. The modulation was performed by controlling both the dc-field current and d-axis stator current. Although both components have a similar effect on the field generation along the d-axis, the effect on the torque is different as besides the d-axis stator current, the d-axis stator flux influences the torque as well. As a result, the stator torque shows a minimum and maximum as function of the d-axis stator current. As for the dc-field current, the machine behaves like a synchronous machine with salient poles. The effect of cross coupling with the q-axis and with the inner rotor was shown to be present, although the influence was small. It was shown that the inner rotor field and torque are only slightly influenced by the stator and field currents, except for highly demagnetizing currents. Finally, the optimal torque to current lines were given for different dc-field currents. The dc-field winding on the outer rotor gives an additional degree of freedom to minimize the losses compared to an EVT without field winding.
